, these pneumatic shape-morphing elastomers, termed here as 'baromorphs', are inspired by the morphogenesis of biological structures 11-15 . Geometric restrictions are overcome by controlling precisely the local growth rate and direction through a specific network of airways embedded inside the rubber plate. We show how arbitrary three-dimensional shapes can be programmed using an analytic theoretical model, propose a direct geometric solution to the inverse problem, and illustrate the versatility of the technique with a collection of configurations.
. However, nature overflows with examples of geometrically complex thin objects, such as leaves or organ epithelia 11 . For instance, differential growth induces the elegant shape of flower petals 12 , or may crinkle an initially flat leave when the growth rate is deregulated 13 . While the growth process may be spatially homogeneous, the orientations of cellulose fibres may also induce anisotropic growth, which leads to the hygroscopic actuation of wheat awns 14 or to the chiral shape of some seed pods 15 . Inspired by biological morphogenesis, pioneering experiments have been carried out with hydrogel plates where inhomogeneous isotropic 6, 7, 18 or anisotropic 9, 10 swelling properties are spatially distributed to obtain various 3D shapes after being immersed in a bath of hot water. Nevertheless, the experimental realizations developed so far involve slow diffusive swelling processes and very soft objects that generally cannot sustain their own weight. In contrast, pneumatic actuation presents strong advantages, such as large work load, reversibility, controllability and fast actuation, which have led to the recent development of multiple soft robotics actuators for twisting, contracting, expanding or bending motions 19 . However, such actuators generally rely on bilayers 5 or are limited to surface texturing effects 20 ; this imposes strong constraints on the achievable states. Our approach bridges these two emerging fields-bio-inspired shape-morphing and pneumatic soft robotics-with a new easy-tobuild, easy-to-control object, referred to as a baromorph.
Baromorphs consist of elastomer plates embedding a network of airways (see Methods for fabrication details), which give rise to a programmed family of shapes under air inflation or suction. Such structures can be viewed as pneumatic metamaterials 21 . When the inner pressure is increased (or decreased), the elongated channels tend to inflate (or deflate) anisotropically 22 . The length of an inflated channel remains almost unchanged, while its width increases (Fig. 1a) . This anisotropy results in a controllable modification of the effective rest lengths of the baromorph, mimicking the anisotropic growth of a biological tissue, with a magnitude that depends on the geometry of the inner channels and on the applied pressure. The plate deforms according to the new target metric imposed by the network of airways, and may buckle out of plane to reach an equilibrium 3D shape that minimizes the total elastic energy (the sum of stretching and bending energies). Figure 1c presents the deformation of a baromorph plate with radial channels obtained by casting the 3D printed template shown in Fig. 1b : the target expansion is mainly circumferential. Following suction and consequent azimuthal contraction, the plate adopts a bowl shape (with positive Gaussian curvature). Conversely, inflation induces an azimuthal expansion and leads to an excess angle in the plate, which destabilizes into a surface of negative Gaussian curvature. These transformations are reminiscent of the morphing evolution of Acetabularia (Fig. 1d ) 11, 23 . After initiation, the cap of this unicellular alga evolves from a bowl to a flat configuration, and eventually to a saddle shape, essentially for the same reason as our baromorph: biological growth in the cap is stronger in the circumferential direction than along the radius.
A first step in understanding and programming a baromorph is to predict the local deformation of airways in the absence of external geometrical constraints, that is, the target in-plane strains orthogonal ε t ⊥ and parallel ε t ∥ to the airway direction. The channel geometry (Fig. 2a) can be reduced to two relevant parameters in our minimal model: the relative channel height with respect to the total thickness of the sheet Ψ = h/(h + 2e) and the in-plane
, where h, e, d and d w are geometrical parameters of the structure (Fig. 2b) . Balancing stresses and making simplifying assumptions (for details see Supplementary Text and Supplementary Fig. 2 ), the target strains are then deduced following Hooke's law: 
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where E and ν are Young's modulus and the Poisson ratio of the elastomer, respectively. We measured the target strains (Fig. 2b) by inflating a ring composed of only a few channels, therefore free of radial constraint. Within our crude hypotheses, the longitudinal strain is zero for ν = 1/2, as expected for an incompressible elastomer, and we do observe that the longitudinal strain is much smaller than the transverse strain. We can account for the evolution of the parameters (Ψ, Φ) due to the deformation of the channels under pressure, as described in the Supplementary Information, and input the actual values into equation (1) . The resulting nonlinear prediction for the target strain is in very good agreement with experimental data, without any fitting parameter, as illustrated in Fig. 2b (note that the calculations remain within the framework of Hookean linear elasticity: material stiffening at large strain is not considered in this simplified model). We now employ the concept of the anisotropic target metric to program 3D shapes. As a first application, we targeted an axisymmetric shape, a cone. A configuration made of concentric and regularly spaced circular air channels is expected to induce a uniform radial target strain ε t r , while the azimuthal target strain remains null. Following elementary geometry (Fig. 2c) , both target strains are satisfied if the airways keep their initial radii and the plate adopts a conical shape of slope α, with
r t
After a buckling transition, conical shapes with a tip regularized by the finite bending stiffness of the plate are observed for high applied pressures ( Fig. 2d and Supplementary Fig. 4 ). As in traditional buckling of slender structures, the finite bending stiffness of the plate indeed prevents out-of-plane buckling for small strains 24 ( Supplementary Fig. 5 ). Both the buckling threshold and the evolution of the angle can be rationalized when inserting the incompatible target strain from equation (1) within the Föppl-Von Karman equations for plates 25 (see Supplementary Text for a derivation and Supplementary Fig. 3 ).
In Fig. 2d , the results from numerical integration of these equations for incompatible plates without any fitting parameter are plotted as solid lines, and match the experimental angles. Equation (1) is not limited to uniform channels, but is also valid locally if the channels' distribution follows a gradient. In the configuration illustrated in Fig. 3 , the channel density decreases with the radius, which results in a spiky structure when inflated. Conversely, the channels tend to collapse under suction, leading to a negative value of ε t r . As a consequence, the structure adopts a saddle shape with negative Gaussian curvature, as theoretically predicted by Efrati and colleagues 25 . A continuous family of shapes is thus obtained when adjusting the pressure. Each shape corresponds to an equilibrium state and can be easily reached on demand.
Another key advantage of baromorphs relies on their fast pneumatic actuation 26 . In the example described in Fig. 3c , a reversible transformation of the plate could be achieved with a frequency of 3 Hz (Supplementary Video 1) . The structures presented in this study have an initial diameter on the order of 10 cm and channels with a section close to 1 mm 2 . Baromorphs are, however, not limited to this size. For a given shape of the structure, the static mechanical response is independent of scale ( Supplementary Fig. 6 and Supplementary Video 2). Provided with a sufficient power input, the actuation velocity is, in this case, limited by the natural frequency of the plate, ω ∼ h(E/ρ)
, where ρ is the elastomer density, leading to a typical frequency of 10 Hz. For small-scale structures, a poroelastic timescale could limit the actuation as in the context of water transport in plants 27 . Conversely, the finite compressibility of air may be a limiting issue for large baromorph structures. The actuation principle is moreover largely material-independent, so that any elastomer may be used, including relatively stiff, tough and wear-resistant rubber, allowing metre-sized structures to resist their weight.
Having captured the mechanical ingredients involved in the transformation of a baromorph, we now explore shape-programming issues. Elementary shapes can be programmed through simple computations. For instance, purely radial (respectively azimuthal) growth of uniform intensity leads to a cone (respectively an e-cone 11 , the surface obtained geometrically when inserting an angular sector in an initially flat disk). This is confirmed by baromorphs with entirely azimuthal (Fig. 4a) respectively radial (Fig. 4c ) channels at constant channel density, which display zero Gausssian Time (s) Letters Nature MaterialS curvature except at the apex (for details on the scanning technique see Methods and Supplementary Fig. 1) . A spherical cap with constant positive Gaussian curvature ( Fig. 4b  and Supplementary Video 3) is programmed by azimuthal channels with a density according to equation (2) with a varying value of angle α = arcsin(r/R). As discussed in the Supplementary Information, less intuitive families of shapes can be simply obtained from the azimuthal growth of radial channels. Surfaces with constant negative Gaussian curvature may be programmed with radial channels with varying density (Fig. 4d and Supplementary Video 4) . Figure 4e shows how a flat annulus almost becomes a cylinder, by expansion of the inner circumference ( Supplementary Fig. 7a and Supplementary Video 5). Baromorphs are not limited to axisymmetric plates. For instance, a ribbon may spontaneously buckle into a helicoid, as expected when a larger target strain is programmed along the edges (Fig. 4f, Supplementary Fig. 7b and Supplementary Video 6).
Programming an arbitrary shape, however, involves a non-trivial inverse problem, as in other practical realizations of shape morphing. For instance, the direction of the anisotropic target growth (in nematic elastomers 8, 28 ) or the isotropic growth factor (in swelling gels 7 or auxetic materials 29 ) corresponding to a given target shape may only be computed through a numerical optimization procedure with no formal guarantee for the existence of a solution. In the specific case of baromorphs, the possibility to select both the orientation and the density of the channels enables us to tune at each point both the direction and intensity of the local expansion. Taking advantage of this additional degree of freedom, we propose a straightforward and intuitive analytical recipe for programming a smooth surface that can be parametrized as z = h(x,y). In this procedure, each point of the baromorph is moving along the z axis during activation, in a simple generalization of the axisymmetric case (Fig. 2c) .
Contour lines (curves with equal h projected onto the reference plane z = 0) are conserved in the process, and no growth occurs along these curves, which we choose as the centreline for the baromorph channels. The local slope angle α measured on the target surface perpendicular to the contour lines, tan α = ∥ ∇ h∥ , determines through equation (2) the lateral target strain
which in turn sets the width of the airways (that is, Φ) for the desired pressure p using equation (1). 
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This arrangement ensures that, in the geometric limit (that is, for thin enough plates), the baromorph will follow the target metrics (Supplementary Text). Figure 4g shows the programming and realization of a face following the method described above. The results are qualitatively in good agreement with the target shape, except for the finest details (such as the eyes), which are smoothed out by bending elasticity (Supplementary Video 7) . Indeed, the size of the eyes is of the same order as the thickness of the sheet, and bending rigidity cannot be neglected at this scale.
Baromorphs constitute an efficient and versatile tool to transform 2D sheets into complex 3D structures reversibly with fast actuation. Numerous extensions of this architectured active material are possible for practical applications: cuts 29 can be made in the plate to release some bending constraints and improve the shape programming ( Supplementary Fig. 8 and Supplementary Video 8) . The target curvature tensor can also be programmed 25, 30 using a bilayer composed of two independent networks of airways. In such a configuration, the homogenized sheet is free of constraint and the actuation does not involve any threshold. Snapping instabilities can also be triggered with out-of-phase actuation of the layers, as shown in Supplementary Video 9. More generally, several intertwined networks may be embedded in one plate to program various shapes on demand. Rather than simple channels, controlled cavities with different sizes and shapes may be embedded in the plate to impose all three components of the target growth tensor, in contrast with current morphing techniques 6, 7, 10, 28 (Supplementary Fig.  9 and Supplementary Video 10). Altogether, our study opens pathways in the numerous areas where shape morphing is anticipated to find new innovative applications, such as minimally invasive surgery, bioprinting, flow optimization, architecture or more generally smart materials.
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Methods Making baromorph plates. The baromorph plates were made of polyvinyl siloxane (Elite Double 8 from Zhermack or Dragon Skin 10 Medium from Smooth-On) by mixing equal quantities of catalyst and base liquids. The mixture was then poured onto a 3D printed mould designed using OpenScad software and printed with a Form2 printer from Formlabs. If necessary, the entire set-up was placed in a vacuum chamber to efficiently remove trapped air bubbles. Curing required, respectively, 20 min and 3 h. At the same time, a sheet of thickness e of the same elastomer was spread on a flat surface and cured. The structure removed from the mould was finally closed by 'gluing' the flat sheet on top of the moulded sheet using a thin layer of uncured mixture of the same material.
Experimental strain data. Azimuthal and radial strains were measured experimentally using a digital image correlation (DIC) program, CorreliQ4, on Matlab 31 . A random pattern of dots was generated on the surface by spraying paint. Top-view pictures of the baromorph structure were taken at different pressures and the program tracked in-plane strain with respect to a chosen reference image. Mean strains perpendicular and parallel to the channels were then extracted.
3D scanning and computation of Gaussian curvature. The surface topography of inflated baromorph structures was measured with a 3D scanning system developed in the laboratory and based on the work of Cobelli and colleagues 32 . Basically, the 3D shape was inferred from the distortion of a pattern of stripes projected on the structure ( Supplementary Fig. 1a,b) . The local height was thus deduced from the phase shift of the periodic pattern.
Although Fourier transform is generally used to extract the phase, the lack of periodic boundaries prevented us from using this method. We instead used a phase shifting profilometry technique, as detailed in ref. 33 . Four patterns were successively projected and recorded with the camera, each time shifted by π /2. The local phase φ(x,y) could thus be directly computed as where I 1−4 are the local fringe intensities at pixel (x,y) for the different phase-shifted patterns. The local phase was defined at each pixel modulo π , then unwrapped using a 2D unwrap Matlab code written by M.F. Kasim (2D Weighted Phase Unwrapping) based on the work of Ghiglia and Romero 34 . The local surface height can be deduced from the phase shift with respect to reference image ∆ φ(x,y) using basic geometrical optics:
where ∆ φ = φ(x,y) − φ 0 (x,y), D is the distance between the video projector and camera, L is the height of both instruments with respect to the flat surface of the reference, and t is the spatial wavelength of the fringed pattern ( Supplementary  Fig. 1c ). The Gaussian curvature was finally deduced from a local quadratic fit of the surface (Supplementary Fig. 1d ).
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